Purpose Bone marrow stromal cells (BMSCs) have been proposed to complement the declining population of nucleus pulposus cells (NPCs) found in a degenerative intervertebral disc. Although able to stop degeneration, they could not produce enough matrix to restore a healthy state. Looking at development, when a large amount of matrix is produced, the disc also contains notochordal cells (NCs), potential progenitors or regulators of NPCs. The aim of the study was, therefore, to combine NCs to a BMSC/NPC mix and evaluate their effects on cell phenotype and matrix production, in long-term culture. Methods In a 3D hydrogel, NCs were co-cultured in different ratios with BMSCs and/or NPCs. Matrix production, cell morphology, and gene expression of disc markers were assessed after 4 weeks of culture. Results At day 28, BMSCs/NPCs highly expressed disc matrix markers (type II collagen and aggrecan) and produced disc matrix up to 30 % of values obtained for the positive control (BMSCs under TGFb stimulation). The addition of NCs only slightly up-regulated marker expression (6-129 increase); an up-regulation not reflected at the matrix level. During the 4 weeks of culture, however, the NC phenotype changed drastically (morphology, disc marker expression). Conclusion In contrast to previously reported short-term studies, long-term co-cultures with NCs had no substantial effects on BMSCs and NPCs, most likely due to the loss of the NC native phenotype during culture. It, therefore, appears critical to maintain this specific phenotype for a long-term effect of the NCs.
Introduction
Intervertebral disc degeneration is one of the main factors in low back pain, a common disorder with tremendous socioeconomic impact. Although mostly successful to alleviate pain, actual treatments are only symptom relieving and new therapies are needed to treat the underlying pathophysiology of disc degeneration.
The first observed degenerative signs occur in the nucleus pulposus and are characterized by an altered anabolic-catabolic balance due, in part, to a declining nucleus pulposus cell (NPC) number and/or a change of their phenotype. It has been, therefore, proposed to introduce exogenous cells to complement the native cell population and to help tissue maintenance.
Bone marrow stromal cells (BMSCs) are promising candidates. Treated with specific growth factors [1] or cocultured with disc cells [2] [3] [4] , they express several discrelated markers (aggrecan, types II and VI collagens, sox9, cytokeratin 19) [1] [2] [3] [4] and produce proteoglycan-rich matrix at levels consistent with a NPC-like phenotype [1, 4] . Moreover, used in vivo, BMSCs have been able to stop the degenerative process induced by nucleotomy in rabbit [5] , dog [6] , and pig [7] models. In all these studies, however, BMSCs were not able to produce enough matrix to reverse the degenerative process and restore the disc to a healthy state [5] [6] [7] . Moreover, leakage of BMSCs from implantation site to adjacent vertebrae may give rise to osteophytes, as reported in a rabbit model [8] .
Looking back at disc physiology, a large amount of matrix is produced during development, when the nucleus pulposus does not only contain NPCs, but also notochordal cells (NCs) that are remnants of the embryonic notochord entrapped within the forming annulus fibrosus and vertebral bodies. So far, the potential of these cells for disc regeneration has not been extensively explored, although they might be important for its homeostasis. Their premature disappearance in dog breeds having an early onset of disc degeneration [9] indicates that NC loss may be consistent with degeneration. Their exact role in the disc is still unclear, as in vitro studies demonstrated a stimulatory function on NPC matrix production and phenotype [10, 11] as well as a potential role as progenitor cells able to produce disc matrix and acquire a NPC-like phenotype [12, 13] . Moreover, NCs have also been shown to effectively promote type II collagen and sox9 expression as well as proteoglycan-rich matrix production in BMSCs [14] .
We hypothesized that by re-introducing the NCs that may be involved, either as regulator or as progenitor cells, in large matrix production during development, we should further promote the regenerative potential of BMSCs and NPCs. The aim of this study was, therefore, to co-culture NCs with NPCs and BMSCs, representing a therapeutic scenario where BMSCs are used to complement the native NPC population, and evaluate their effects on matrix production and discogenic phenotype.
Materials and methods

Cell sources
All slaughterhouse materials were obtained in accordance with local regulations. Bovine BMSCs were obtained from bone marrow aspirates of calves (4-12 months-old; N = 4). BMSCs were isolated by adhesion [15] and expanded up to P1 in growth medium (high glucose Dulbecco's modified Eagle's medium (hgDMEM); Gibco Invitrogen, Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum (FBS; Gibco Invitrogen; batch selected for BMSC growth and differentiation) and 1 % penicillin/ streptomycin (P/S; Lonza, Basel, Switzerland) before freezing. A fresh batch of BMSCs was thawed and cultured up to P3 for each experiment.
Bovine NPCs were obtained from caudal intervertebral discs harvested from young cows (22-26 months-old; N = 12). Discs were dissected and the nucleus pulposus harvested under sterile conditions and digested following a sequential pronase (Calbiochem, Darmstadt, Germany)/ collagenase type 2 (Worthington, Lakewood, NJ, USA) digestion [11] . Using a cell strainer, cells smaller than 100 lm were kept after digestion.
Porcine NCs were isolated from lumbar and thoracic intervertebral discs harvested from young pigs (\10 weeks-old; N = 8). Discs were dissected and the nucleus pulposus harvested under sterile conditions and digested following a sequential TrypLE TM Express/collagenase P digestion: 90 min in TrypLE TM Express (Gibco Invitrogen) at 37°C in hgDMEM ? 1 % P/S; 16 h in 0.05 % collagenase P (Roche, Basel, Switzerland) at 37°C in hgDMEM ? 1 % P/S ? 5 % FBS. Using a cell strainer, cells smaller than 100 lm were kept after digestion.
Porcine skin fibroblasts (SFs), used as control for the specific effects of the NCs, were extracted from the ears of pigs (6-8 months-old; N = 8). Sterile skin biopsies were digested following a sequential trypsin (Fluka, Zwijndrecht, The Netherlands)/collagenase (Sigma, Zwijndrecht, the Netherlands) digestion [16] . Obtained cells were rinsed, seeded into flasks and expanded up to P1 in growth medium before freezing. Fresh batches were thawed and cultured up to P3 for each experiment.
Cell seeding and culture
To obtain enough cells for the groups described in Table 1 , NPCs from three donors and NCs and SFs from two donors were pooled per repeat (N = 4). Prior to seeding, NCs and SFs were prestained with 10 lM Vybrant TM CFDA-SE (Molecular Probes, Carlsbad, CA, USA) and NPCs with 10 lM Cell Tracker TM CMTMR Orange (Molecular Probes) according to manufacturer's instructions. BMSCs remained unstained. Cell suspensions were then mixed to produce the groups described in Table 1 . A ratio of 1:1 was selected for the BMSC/NPC mixture (Mix) [3, 17] . NPCs alone were also cultured with the highest ratio of NCs to control for the benefits of adding BMSCs. Produced mixes were centrifuged and re-suspended into 1.2 % sodium alginate (Sigma) to the final concentrations indicated in Table 1 . Beads were produced as previously described [18] and cultured for 4 weeks in growth medium, as described for BMSC expansion, under 2 % O 2 , 5 % CO 2 , and 93 % N 2 . To validate their differentiation potential, BMSCs alone were cultured under chondrogenic conditions [hgD-MEM ? 1 % penicillin/streptomycin ? 0.1 lM dexamethasone (Sigma) ? 1 % ITS ? (BD Bioscience, Breda, The Netherlands) ? 1.25 mg/ml bovine serum albumin (Roche) ? 50 lg/ml ascorbic acid 2-phosphate (Sigma) ? 40 lg/ml L-proline (Sigma) ? 100 lg/ml sodium pyruvate (Gibco Invitrogen) ? 10 ng/ml TGFb 3 (Peprotech, Rocky Hill, NJ, USA)].
Cell viability
At day 1 and 28, 3 beads/repeat/group were washed and incubated in 10 lM calcein blue (Sigma)/10 lM propidium iodide (Invitrogen) solution for 1 h at 37°C. Cells were then imaged in the center of the beads at a depth of 200 lm using a confocal microscope (CLSM 510 Meta; Zeiss, Sliedrecht, the Netherlands).
FACS
At day 1, alginate beads were dissociated [18] and the recovered cells were centrifuged, rinsed, and fixed with 3.7 % buffered formalin (Sigma) for 10 min at room temperature. Fixed cells were analyzed by fluorescence activated cell sorting (FACS) for yellow and green fluorescence to evaluate proportions of green-, orange-, and unlabeled cells. The instrument used for analysis was Guava Digested samples were then used to determine their content of: sulfated glycosaminoglycans (sGAG), as a measure of proteoglycans, hydroxyproline (HYP), as a measure for collagen content, and DNA. sGAG content was determined with the dimethyl methylene blue assay, adapted for alginate presence [19] with alginate concentration identical for references and experimental samples. HYP content was measured using the chloramine-T assay [20] . DNA content was measured using the Hoechst dye method [21] .
Gene expression
At day 28, 9-12 beads/repeat/group were snap-frozen and stored at -80°C until RNA isolation. Frozen beads were disrupted with a microdismembrator (Sartorius) [22] and RNA was extracted using TRIzol Ò (Invitrogen) and purified using RNeasy Ò mini-kit (Qiagen, Venlo, The Netherlands). Using the same method, RNA was extracted from native porcine nucleus pulposus tissue (N = 6) to evaluate the gene expression profile of in situ NCs. Quantity and purity of isolated RNA were measured by spectrophotometry (ND-1000; Isogen) and integrity by gel electrophoresis. The absence of genomic DNA was validated using primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). RNA was then reverse transcribed (Superscript Ò Vilo TM ; Invitrogen) and gene expression levels of type II collagen (COL2A1), aggrecan (ACAN), Brachyury(T), cytokeratin-8 (KRT8)/-18 (KRT18)/-19 (KRT19) were assessed with SYBR green qPCR (iCycler; Biorad, Hercules, CA, USA) (see Table 2 for primer list). 18S was selected as the reference gene for our experimental groups at day 28 as the most stable gene throughout our experimental conditions from three tested genes (HPRT1, GAPDH, and 18S). Similarly, GAPDH was selected as the reference gene for the NC phenotype. The expression of gene of interest is reported as relative to 18S or GAPDH expression (2 -DCt method). When gene expression was not detected, the C t value was set to 40 to conduct the statistical analysis.
Statistical analysis
General linear regression models based on ANOVAs were used to examine the effects of co-culture on the variables. In all analyses, full factorial models were fitted to the data, and then a backward-stepwise procedure was used to remove the nonsignificant effects. For each significant effect, a Tukey's-HSD post hoc test was conducted. p \ 0.05 was considered significant. All statistical analyses were performed with IBM Ò SPSS Ò (v20.0; IBM Corp., Armonk, NY, USA).
Results
Cell viability and proliferation
At day 1, all groups showed very good cell survival (Fig. 1b-d) . Initial seeding ratios were confirmed by FACS analysis (Table 3) . At day 28, cells survived in all groups and proliferated (Fig. 1a) . The formation of aggregates could be observed (Fig. 1e-g ) in all, but without differences between, Mix and NPC groups. Although NCs and SFs could still be distinguished from the other cell types due to their green prestaining (Fig. 1f-g ), it was not possible to distinguish NPCs from BMSCs at day 28 as the orange prestaining of NPCs faded during culture, most likely due to extensive NPC proliferation.
Matrix production
At day 28, sGAG were detected in all groups, but only in limited amounts for NC and SF groups (Fig. 2) . Mix groups produced substantial amount of sGAG, reaching up to 30 % of values obtained for BMSC-Ch?, but adding NCs, or SFs, did not significantly promote this synthesis, regardless of NC/SF concentration (Fig. 2) . Same trends were observed for the NPC groups (Fig. 2) . High level of GAG production confirmed the chondrogenic potential of BMSCs under chondrogenic stimulation (BMSC-Ch?). HYP (for collagen content) was only detected in limited quantity in the BMSC-Ch? group (data not shown).
Gene expression
At day 28, NPC and Mix groups showed high expression levels for type II collagen (Fig. 3a) and aggrecan (Fig. 3b) . Adding NCs to Mix increased these levels (6-129 expression levels of Mix), but no significant differences were found. Moreover, same effects were found with SFs. The highest levels of expression were observed in the BMSC-Ch? group, supporting the chondrogenic differentiation of these cells. At day 1, a large majority of the porcine NCs displayed their typical morphology of large, vacuolated cells (Fig. 4a) . Only 10-20 % of the isolated cells were small, round cells (as previously reported [14] ). At day 28, however, almost all vacuolated cells were replaced by small, round cells (Fig. 4b) . The expression of putative notochordal markers (brachyury, cytokeratin-8/-18/-19) also decreased radically as compared to NCs in native tissue (Fig. 4c) . Similarly, aggrecan and type II collagen expression dropped during the culture period (Fig. 4d) . 
Discussion
In this study, we explored the ability of the NCs, either as progenitor or as regulator, to promote discogenic phenotype and proteoglycan-rich matrix production of NPCs/ BMSCs. After 28 days of culture, NCs acquired a chondrocyte-like morphology (small, round cells; Fig. 4b ). They also expressed type II collagen and aggrecan to levels consistent with the NPC groups ( Fig. 3a-b) . When compared with native values (Fig. 4d) , however, these expression levels drastically decreased hinting toward NC de-differentiation rather than differentiation into NPCs. Furthermore, NCs did not produce proteoglycans (Fig. 2) or collagen (data not shown) indicating that, under the conditions used here, NCs did not differentiate into NPClike cells, and therefore, did not act as progenitor cells. These findings are contrary to previous studies where dog [12] and rabbit [13] NCs seeded into alginate synthesized proteoglycans at a rate similar to NPCs. This discrepancy could be explained by species-specific difference, but also, and most likely, by variances in isolation protocols and/or in culture conditions.
In terms of regulatory functions, NCs also did not show an anabolic effect. A slight, but not significant, up-regulation in type II collagen and aggrecan gene expression was observed (Fig. 3a-b) when adding NCs to the Mix. This stimulation, though, was barely reflected at the matrix level (Fig. 2) . Moreover, the same effects were observed when NCs were replaced with SFs ( Fig. 3a-b) .
This absence of effects could be explained by the crossspecies model used here. Porcine NCs, however, have already been shown to stimulate bovine [10] or human [14, 23] cells, in short/mid-term cultures. Another explanation may be that the proportions of NCs added to Mix was too low. We selected a maximum of 33.3 % NCs to 66.6 % Mix to maintain the ratios of NCs to NPCs and NCs to BMSCs to 1:1. This ratio, indeed, has successfully been used to enhance matrix production and/or discogenic phenotype in NC/NPC [10, 11] and BMSC/NPC [3, 17] cocultures. Unfortunately, at the time of the experiment, no data were available on direct NC/BMSC co-cultures. This targeted ratio of 1:1, however, was slightly shifted due to the method of isolation of dispersed NCs which led to the presence of 10-20 % more of NPCs in the NC cell Table 3 ) also revealed that all groups contained more NPCs, and less BMSCs, than intended. Although a ratio of 1:1 was selected for the present study, positive effects of BMSC and NPC co-culture have also been reported for a ratio of NPC:BMSC of 3:1 [2, 24] .
Thus, it appears that the absence of stimulation by NCs is most likely the result of NCs changing phenotype during long-term culture rather than an insufficient ratio of NCs. During the 4 weeks of culture, indeed, NCs switched from their typical morphology (large, vacuolated cells) at day 1 (Fig. 4a) to chondrocyte-like cells (small, round cells) at day 28 (Fig. 4b) . This change in morphology was accompanied by a drastic decrease in the expression of several genes used to characterize NCs (Fig. 4c) . Cytokeratin-8/-18/-19 are highly expressed in fetal NC-rich nucleus pulposus, with all NCs strongly positive for these markers [25] . Their expression, then, decreases with aging, which corresponds to NC disappearance [25] . Although NPCs also express cytokeratin-8/-18/-19, as well as Brachyury, they do so in much lower expression levels than NCs [26] . Gene expression of cultured NCs was compared with fresh porcine NP tissue rich in NCs. Although the NP tissue still contains NPCs, these cells only represent 10-20 % of the cell population [14] and should, therefore, only slightly affect the overall gene expression levels. Moreover, as NPCs express Brachyury and cytokeratin -8/-18/-19 to much lower levels than NCs [24, 25] , the difference observed here will be even higher if cultured NCs were compared to a pure fresh NC population, supporting the hypothesis of NC change of phenotype during culture. As vacuoles were still present after isolation and partial data Fig. 3 on gene expression at day 1 (N = 2) showed that Brachyury and cytokeratin-8/-18/-19 gene expressions were not or only slightly affected, conditions of culture rather than cell isolation were responsible for this loss of phenotype. Although oxygen concentration was maintained at disc physiological level [27] , the other characteristics of disc environment (low nutrition, acidic pH, high mechanical loading and osmolarity) were not reproduced in the in vitro system used. However, only low oxygen levels have been showed to have a beneficial influence on NC metabolic activity when low glucose and pH have a detrimental effect [28] . Similarly, mechanical loading leads to Fig. 4 [29] . Although low osmolarity may still be involved, medium composition, and particularly the presence of FBS, is most likely responsible for NC dedifferentiation observed in the present study, as shown in another study where porcine NCs were cultured under different medium composition (our data, unpublished).
The hypothesis of NC dedifferentiation during longterm culture is supported by the fact that the positive effects reported for NCs are either in short-term (4 days) culture [11] or in systems using medium conditioned with NCs for 4 days [14] . One long-term (14 days) study reported a stimulative influence of NCs on NPCs [10] , but the up-regulation was limited when compared to NPCs alone and might be lost at day 28. Moreover, the fact that we used NPC ?1.5SF as control rather than NPCs alone makes difficult to directly compare the two studies.
Interestingly, levels of matrix production ( Fig. 2 ) and gene expression (Fig. 3) were similar for the NPC (with either ?1.5NC or ?1.5SF) as compared to the Mix (with either ?1.5NC or ?1.5SF), which only contains 50 % of NPCs. These data confirm previous reports on the positive effects of BMSC/NPC co-culture [2, 17] . Histological analysis (data not shown) showed that proteoglycans were mainly deposited within the aggregates formed at day 28 ( Fig. 1e-g ). Unfortunately, due to the fading of the NPC prestaining, we could not distinguish the NPCs from the BMSCs. The observed up-regulation could therefore be caused either by the differentiation of the BMSCs induced by NPCs or by the stimulation of the NPCs by BMSCs.
In conclusion, this study shows that NCs did not substantially promote the discogenic phenotype of BMSCs/ NPCs in long-term culture. The observation that NCs radically changed phenotype during the 4 weeks culture, combined with the fact that studies reporting any appreciable effects used the NCs for maximum 4 days, imply that the regulatory role of the NCs may be intrinsic to their native phenotype (presence of vacuoles, high expression of Brachyury, cytokeratin-8/-18/-19).
